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1 Cyclo-oxygenase metabolizes arachidonic acid to prostaglandin H2 (PGH2) and exists in at least two
isoforms. Cyclo-oxygenase-1 (COX-l) is expressed constitutively whereas COX-2 is induced by
lipopolysaccharide (LPS) and some cytokines in vitro and at the site of inflammation in vivo. Epithelial
cells may be an important source of prostaglandins in the airways and we have, therefore, investigated
the expression of COX-1 or COX-2 isoforms in primary cultures of human airway epithelial cells or in a
human pulmonary epithelial cell line (A549).
2 COX-1 or COX-2 protein was measured by western blot analysis using specific antibodies to COX-2
and selective antibodies to COX-l. The activity of COX was assessed by the conversion of either
endogenous or exogenous arachidonic acid to four metabolites, PGE2, PGF2., thromboxane B2 or 6-oxo
PGFI,, measured by radioimmunoassay. Thus, COX-l or COX-2 activity was measured under two
conditions; initially the accumulation of the COX metabolites formed from endogenous arachidonic acid
was measured after 24 h. In other experiments designed to measure COX activity directly, cells were
treated with cytokines for 12 h before fresh culture medium was added containing exogenous
arachidonic acid (30 JLM) for 15 min after which COX metabolites were measured.
3 Untreated primary cells or A549 cells contained low amounts of COX-l or COX-2 protein. Bacterial
LPS (1 ptg ml ' for 24 h) induced COX-2 protein in the primary cells, a process which was enhanced by
interferon-y, with no further increase in the presence of a mixture of cytokines (interleukin-1p, tumour
necrosis factora and interferon-y, 10 ng ml ' for all). In contrast, A549 cells contained only low levels
of COX-2 protein after exposure to LPS or LPS plus interferon-y, but contained large amounts of
COX-2 protein after exposure to the mixture of cytokines.
4 Untreated human pulmonary primary cells or A549 cells released low levels of all COX metabolites
measured over a 24 h incubation period. This release was enhanced by treatment of either cell type with
the mixture of cytokines (interleukin-1I , tumour necrosis factors- and interferon-7, 10 ng ml-' for all).
PGE2 was the principal COX metabolite released by cytokine-activated epithelial cells. The release of
PGE2 induced by cytokines occurred after a lag period of more than 6 h.
5 The glucocorticosteroid, dexamethasone (1 laM; 30 min prior to cytokines) completely suppressed the
cytokine-induced expression of COX-2 protein and activity in both primary cells and A549 cells.
6 In experiments where COX-2 activity was supported by endogenous stores of arachidonic acid,
treatment of A549 cells with interleukin-lp but not tumour necrosis factora or interferon-y alone caused
a similar release of PGE2 to that seen when the cytokines were given in combination. However, both
interleukin-lp and necrosis factor- alone produced similar increases in COX-2 activity (measured in the
presence of exogenous arachidonic acid) as seen when the mixture of interleukin-lp, tumour necrosis
factor- and interferon-y were used to stimulate the cells.
7 These findings show that COX-2 expression correlates with the exaggerated release of prostaglandins
from cytokine-activated human pulmonary epithelial cells and that the induction of the enzyme is
suppressed by a glucocorticosteroid. These findings may be relevant to inflammatory diseases of the
lung, such as asthma.
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Introduction

Cyclo-oxygenase (COX) converts arachidonic acid to pros- al., 1992), cytokines (Maier et al., 1990) and bacterial
taglandin H2 (PGH2) (Hamberg et al., 1974) which is then lipopolysaccharide (LPS; Lee et al., 1992; Mitchell et al.,
further metabolised to various prostaglandins, prostacyclin 1993a) in cells in vitro and in inflamed sites in vivo (Vane et
and thromboxane A2. COX exists in at least two isoforms al., 1994). COX-1 shares approximately 60% homology with
(Xie et al., 1991). COX-1 is expressed constitutively in COX-2 (Xie et al., 1991; Hla & Neilson, 1992). COX-1 and
endothelial cells (Mitchell et al., 1993a) and is probably COX-2 are inhibited by nonsteroid anti-inflammatory drugs
responsible for the production of prostaglandins under such as aspirin and indomethacin, with some selectivity
physiological conditions (Vane, 1994). COX-2 is induced by towards COX-1 (Meade et al., 1993; Mitchell et al., 1993a).
pro-inflammatory stimuli, including mitogens (O'Banion et The role of the lung in prostaglandin metabolism has been

extensively studied. Indeed, COX preparations from the lung
were used to demonstrate the mechanism of action of non-

Author for correspondence at Department of Applied Phar- steroid anti-inflammatory drugs (Vane, 1971). Perfused lungs
macology. from different species release large amounts of prostaglandins
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from both the vasculature and airways in response to
agonists, such as bradykinin, angiotensin and endothelins
(Piper & Vane, 1969; Dawson et al., 1976; Bakhle et al.,
1985; de Nucci et al., 1988). Pulmonary epithelial cells are at
the interface between the environment and the delicate struc-
tures of the lung. The airway epithelium acts as a physical
barrier but is increasingly recognised as a source of lipid and
peptide mediators that may modulate pulmonary inflam-
mation. Indeed epithelial cells from the airways produce
PGE2 and PGF20, in response to bradykinin and the calcium
ionophore, A23187 (Churchill et al., 1989).
The regulation of the different isoforms of COX in pul-

monary tissue is not known, although human pulmonary
macrophages express COX-2 after stimulation with LPS
(Hempel et al., 1994). This may be of particular importance
in the understanding of pulmonary inflammatory conditions
such as asthma. Cytokines influence pulmonary epithelial cell
function via an action on specific receptors (see Barnes, 1994)
and airway epithelial cells express a number of inflammatory
cytokines (Devalia & Davies, 1993; see Barnes, 1994), some
of which are known to cause the induction of COX-2 in
other cell types (Thiemerman et al., 1993). We have,
therefore, used human pulmonary epithelial cells exposed to
different pro-inflammatory cytokines to study changes in
COX isoforms. We have used a mixture of cytokines
previously demonstrated to induce nitric oxide synthase in
airway cells (Robbins et al., 1994). In addition we have
assessed the effects of the anti-inflammatory steroid, dexa-
methasone on changes in both the release of COX meta-
bolites and the expression of COX-2 protein. Some of these
results have been published in abstract form (Mitchell et al.,
1994).

Methods

Tissue culture

Isolation of human airway epithelial cells Trachea or main
bronchi were obtained from either heart or heart and lung
transplantation donors. These tissues were immersed in cold
Hank's balanced salt solution (HBSS) and immediately trans-
ported on ice. The cartilaginous parts of trachea or main
bronchi were excised, trimmed, washed and incubated over-
night at 4°C in 0.1% protease (type 14) prepared in calcium/
magnesium free HBSS.

Tracheal-bronchial epithelial cells were isolated by flushing
the luminal side with HBSS containing 10% heat inactivated
foetal calf serum (FCS). The cells were centrifuged at 270g
for 10 min, resuspended in HBSS containing 10% FCS,
filtered through sterile 100;lm mesh, and centrifuged again
the resulting pellet was resuspended in serum-free, hormone
supplemented Ham's F12 medium (complete F12) containing
penicillin (100 u ml -') streptomycin (100 fig ml -), ampho-
tericin B (2 jLg mI -), L-glutamine (2 mM), insulin (5 fig ml-'),
transferrin (5 jig ml-'), epidermal growth factor (25 ng ml-'),
endothelial cell growth supplement (15,ugml-'), hydrocor-
tisone (1SM), cholera toxin (1Ongml-') and retinoic acid
(0.1 lpM). The cell suspension was again centrifuged and
resuspended in complete F12 medium. Cell counts were per-
formed with a Neuubauer haemocytometer; cell viability was
assessed by trypan blue dye exclusion and was greater than
95%.

Primary culture of human tracheo-bronchial airway epithelial
(HTBE) cells Dissociated HTBE cells were cultured as
previously described (Churchill et al., 1989; Kwon et al.,
1994a). Cells were plated at a density of 1-3 x 104 cm-2 onto
the culture plates (6-well) coated with collagen gel (Vitrogen
100). The culture medium was changed after 24 h and every
2-3 days thereafter. Cultured epithelial cells were nearly
confluent after 10 days of culture and showed the typical
cobblestone appearance of bronchial epithelial cells (Chur-

chill et al., 1989). When the cells were nearly confluent fresh
F12 medium (Ham's F12) containing only L-glutamine and
antibiotic was added together with test compounds.

Culture of A549 cells The human pulmonary epithelial
cancer cell line (A549), derived from lung alveolar carcinoma
and representative of epithelial cells, was purchased from
American Type Culture Collection (Rockville, MD). A549
cells spontaneously produce PGE2 which acts as an autocrine
growth regulator (Croxtall & Flower, 1992). Furthermore,
this release is enhanced by exposure to growth factors (Crox-
tall et al., 1993). Glucocorticoid treatment results in a com-
plete suppression of PGE2 release (Croxtall & Flower, 1992).
In previous studies comparing A549 with primary HTBE
cells, both cell types were shown to be epithelial in origin
(Kwon et al., 1994b). The A549 cell line, therefore, is a
convenient model for the investigation of COX expression.
A549 cells were grown on 35mm 6-well culture plates in
Dulbecco's modified Eagle's medium (DMEM) containing
10% FCS, L-glutamine (2 mM), penicillin (100 u ml-') and
streptomycin (100 fg ml-'). When the A549 cells were
confluent, they were washed and incubated in DMEM with-
out FCS together with test compounds.

Measurement ofCOX activity

COX metabolites were measured by radioimmunoassay
(Salmon, 1978) for 6-oxo PGFI,., PGE2, PGF20 and throm-
boxane B2. Antibodies to PGE2, PGF2< and thromboxane B2
had less than 5% cross reactivity with all other prostaglan-
dins measured. Antibody to 6-oxo-PGFI. had less than 5%
cross reactivity to prostaglandin F2, and thromboxane B2 and
17% cross reactivity to PGE2. For experiments designed to
measure the release of COX metabolites from endogenous
arachidonic acid, cells were treated with either LPS (I ptg
ml-'), tumour necrosis factor- (TNFa; 10 ng ml-'), interleu-
kin I, (IL-Ip; 10 ng ml-'), interferon-y (IFNy; 10 ng ml-') or
LPS together with IFNy (I Lgmlh' and lOngml ') or a
mixture of IL-IP, TNFa and IFN7y (10 ng ml-' for all) for 3,
6, 12 or 24 h and the medium removed for radioimmunoas-
say. In separate experiments designed to measure COX
'activity', cells were treated with different cytokines for 12 h
after which time fresh medium was added containing
arachidonic acid (30 .lM) for 15 min at 37°C and then
removed for radioimmunoassay. In some experiments, dexa-
methasone (I JtM) was added 30 min before the addition of
LPS, IL-I,, TNFa or IFNy for 24 h and the predominant
COX metabolite (PGE2) measured.

Western blot analysis

In separate experiments HTBE cells or A549 cells were
grown in 6-well plates as above. After exposure to test
compounds the medium culture was removed and the cells
incubated with extraction buffer (Tris, 50 mM; EDTA,
1O mM; Triton X-100, 1% v/v; phenylmethylsulphonyl fluor-
ide, 1 mM; pepstatin A, 0.05 mM and leupeptin, 0.2 mM) with
gentle shaking. The cell extract was then boiled (10 min) in a
ratio of 1:1 with gel loading buffer (Tris, 50 mM; SDS, 10%
w/v; glycerol, 10% v/v; 2-mercaptoethanol 10% v/v and
bromphenol blue, 2 mg ml-'). Samples were centrifuged at
10,000 g for 2 min before being loaded onto gradient gels
(4-12% Tris-glycine; Novex) and subjected to electrophor-
esis (1.5 h at 125 V). The separated proteins were transferred
to nitrocellulose (BIORAD; 1 h at 200 V). After transfer to
nitrocellulose, the blot was incubated in blocking solution
(dried minimal-fat milk 25 g and Tween-20 1.25 ml in PBS
solutions 500 ml) for 1 h and then primed with rabbit
antibody raised to murine COX-2 (Cayman Chemical Com-
pany, MI, U.S.A.) for 1 h. There was no detectable cross
reactivity of the COX-2 antibody with COX-1 (Mitchell et
al., 1993a). In some experiments blots were primed with
rabbit antibody raised to ovine COX-1 (a generous gift from
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K. Wu, Houston, TX, U.S.A.) for 1 h. The COX-1 antibody
has approximately 10% cross reactivity with COX-2 (Mit-
chell et al., 1993a). The blot was then incubated with an
anti-rabbit IgG developed in sheep, linked to alkaline phos-
phatase conjugate for I h. Finally, the blot was developed for
approximately 5 min with premixed solution containing 5-
bromo-4-chloro-3-indeolyl phosphate (0.56 mM), nitroblue
tetrazolium, (0.48 mM), Tris (1O mM) and MgCl2 (59.3 mM)
at pH 9.2. The detection limit of protein in cell extract was
1-1O ng. The band, which was visualised at approximately
70 kDa was quantified using a laser densitometer with
Quantity-One software (PDI, New York, NY, U.S.A.). Indi-
vidual band density values for each point were expressed in
arbitrary OD units.

Statistical analysis

Results are shown as mean ± s.e.mean from n determinations
(wells) from at least three separate plates. Unpaired two
tailed tests or one way analysis of variance were used as
appropriate to determine the significant differences between
means and P values of less than 0.05 were taken as statis-
tically significant.

Materials

Recombinant human TNFx was purchased from British Bio-
technology (Oxford, UK), Vitrogen 100 from Collagen Co,
Ham's F12 medium, DMEM, pre-mixed penicillin-strepto-
mycin and L-glutamine from ICN Flow (High Wycome,
UK); FCS from Sera Lab (Crawley Down, UK). All other
materials were purchased from Sigma Chemical Company
(Poole, Dorset, UK), unless otherwise stated.

Results

Characterization of the isoforms ofCOXpresent in
human pulmonary epithelial cells

Untreated HTBE or A549 cells contained low or undetec-
table levels of COX-1 (n = 3-6; data not shown) or COX-2
(Figure 1 and 2 respectively). However, after exposure of
either cell type to a mixture of cytokines, IL-1p, TNFa plus
IFNy (all at 10ng ml-') for 24 h there was an induction of
COX-2 protein (Figure 1 and Figure 2; n = 3-6). The levels
of COX-2 protein induced in A549 cells was greater than
that induced in the HTBE cells. Treatment of either cell type
with LPS (1 gg ml-') alone did not induce the expression of
COX-2 protein. However, HTBE cells, but not A549 cells,
contained detectable levels of COX-2 protein after treatment
with LPS together with IFN' (Figure 1). Pretreatment of
A549 cells with dexamethasone (1gM; 30 min prior to the
cytokine mix) almost abolished the induction of COX-2
(Figure 3).

Release of COX metabolites by HTBE or A549 cells
from endogenous stores of arachidonic acid

Untreated HTBE or A549 cells released low levels of all
COX metabolites measured (6-oxo PGFI,, PGE2, thrombox-
ane B2 or PGF2, <0.1 ng ml' for A549 or primary cells,
n = 15; Figure 4). Incubation of A549 cells or HTBE cells
with either LPS (1 fig ml-') alone or together with IFN7
(10 ng ml-') did not cause detectable release of COX
metabolites (data not shown; n = 3). However, incubation of
either cell type for 24 h with a mixture of IL-IP, TNFa and
IFNy (1Ong ml-' for all) caused the accumulation of PGE2
(10.09 ± 0.63 ng ml-' for A549 cells and 0.23 ± 0.04 ng ml-'
for HTBE cells, n = 6-15) PGF2. (4.03 ± 0.16 ng ml-' for
A549 cells and undetectable levels for HTBE cells), 6-oxo
PGF,, (3.07 ± 0.12 ng ml' for A549 cells and undetectable
HTBE cells). Thromboxane B2 was not formed in detectable
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Figure 1 The expression of COX-2 protein in HTBE cells after
treatment with cytokines for 24 h. (A) Shows a Western blot using a
specific antibody to COX-2 which recognised a doublet of approxi-
mately 70 kDa. Each lane was loaded with I jig of protein. Lane 1
shows extracts from untreated cells, lane 2 cells treated with LPS
(I jlg ml-) lane 3 treated with LPS and IFN-y (1Ongml-), lane 4
treated with a mixture of cytokines (IL-1p, TNFa, IFNI all at
lOng ml-'; lane 4); (b) shows the means ± s.e.mean of the optical
density (OD) of COX-2 bands from 3 separate experiments. P values
are calculated between treated and untreated groups by unpaired
two-tailed t test (*P<0.05; **P<0.01). In separate experiments, no
COX-1 was detected in cell extracts from any of the above
treatments (n = 3; data not shown). For abbreviations, see text.

amounts by either cell type (Figure 4). The treatment of
A549 cells with a combination of IL-1P, TFNa and IFNT
(10 ng ml' for all) for 3, 6, and 24 h resulted in a time-
dependent release of PGE2, which was first significant at 6 h
after the addition of the cytokines (Figure 5; n = 3-15).

Characterization of the regulation by cytokines of the
release ofCOX metabolitesfrom endogenous
arachidonic acid
A549 cells treated with a mixture of cytokines released larger
amounts of COX metabolites and expressed greater amounts
of COX-2 protein than HTBE cells, A549 cells were used,
therefore, to characterize further the regulation of COX-2 in
human pulmonary epithelial cells by specific cytokines. A549
cells treated with IL-1P (10 ng ml-') for 24 h showed a more
than 30 fold increase in the release of the major COX
metabolite, PGE2 (from 0.27 ± 0.05 ng ml- ' to 10.84 ± 0.43
ng ml-'; n = 3; Figure 6). However, TNFa (10 ng ml-') or
IFN7 (10 ng ml-') had no significant effect on the release of
PGE2 by A549 cells (n = 3). The release of PGE2 in response
to IL-1 or the cytokine mixture was significantly reduced by
pretreatment of the cells with dexamethasone (to 0.3 ± 0.03
ng ml' or 0.15 ± 0.01 ng ml' respectively; n = 3-6; Figure
6).

In A549 cells COX activity (measured in the presence of
exogenous arachidonic acid; 30 IAM; 15 min) was elevated at
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Figure 2 The expression of COX-2 protein in A549 cells after
treatment with cytokines for 24 h. (A) Shows a Western blot using a

specific antibody to COX-2 which recognised a doublet of approxi-
mately 70 kDa. Each lane was loaded with I pg of protein. Lane I
shows extracts from untreated cells, lane 2 cells treated with LPS
(1 jigml-'), lane 3 treated with LPS and IFN-y (10 ngml'), lane 4
treated with a mixture of cytokines (IL-1p, TNFa, IFNy all at
l0ngml-'; lane 4); (b) shows the means±s.e.mean of the optical
density (OD) of COX-2 bands from 3 separate experiments. P values
are calculated between treated and untreated groups using unpaired
two-tailed t test (**P<0.01). In separate experiments no COX-I was

detected in cell extracts from any of the above treatments (n = 3;
data not shown). For abbreviations, see text.

12 h after the addition of either a combination of ILI-P,
TNFa and IFN-y, or IL1-,B alone (n = 3; Figure 7). In con-
trast to the lack of effect of TNFa on the release of PGE2
from endogenous stores of arachidonic acid, TNFa caused a

significant induction of COX-2 activity as measured in the
presence of exogenous arachidonic acid (Figure 7).

Discussion

Pro-inflammatory cytokines, such as TNFoc or IL-IP regulate
the release of several inflammatory mediators by inducing the
expression of synthesizing enzymes. Thus, a mixture of IL-1p,
TNFa and IFNy induces pulmonary epithelial cells to express
nitric oxide synthase (Robbins et al., 1994) and LPS causes

the co-induction of nitric oxide synthase and COX-2 in
murine macrophages (Mitchell et al., 1993b). We have
extended these studies and demonstrated that pro-inflamma-
tory cytokines stimulate human pulmonary epithelial cells to
release COX metabolites, to express increased COX activity
and to express COX-2 protein. No detectable COX-1 was

present in either untreated or stimulated cells. In previous
studies, a low release of PGE2 was detected in unstimulated
cells (Croxtall & Flower, 1992). However, these authors used
a lower ratio of culture medium to cells leading to a greater
concentration of metabolites. We found that cytokine-
activated HTBE released lower levels of COX metabolites
and contained less COX-2 protein than the human pul-

Figure 3 The effect of dexamethasone on the induction of COX-2 in
A549 cells. (a) Shows a typical Western blot using a primary
antibody to COX-2. Each lane was loaded with I fig of protein. Lane
I contains extract from untreated cell, lane 2 from cells treated with
dexamethasone (I gM; for 24 h), lane 3 cells treated with cytokine
mixture (Cyt mix; IL-1p, TNFa and IFNy all at 10ng ml-' for all,
for 24 h) and lane 4 cells treated with dexamethasone 30 min prior to
treatment with the cytokine mixture; (b) shows the means ± s.e.mean

of the OD of COX-2 bands from 3 separate determinations, where
the open columns represent cells treated with saline and the solid
columns cells treated with dexamethasone. P values are calculated
between dexamethasone and vehicle-treated cells (**P <0.01 by
unpaired two-tailed t test). For abbreviations, see text.

monary cell line, A549. In addition, HTBE cells but not
A549 cells expressed COX-2 protein after exposure to LPS
and IFNIy. In primary cell cultures it was necessary to include
the steroid hydrocortisone, which discourages the growth of
contaminating fibroblasts. Dexamethasone abolishes the ind-
uction of COX-2 and the necessary inclusion of hydrocortis-
one may, therefore, explain the relative low level of induction
in primary cells. In addition, the growth of HTBE cells, but
not A549 cells, is suppressed by serum (Barnes & Robbins,
unpublished observations). For this reason HTBE cells were
serum-deprived at the time of the addition of cytokines. A
lack of serum greatly reduces the ability of pulmonary
epithelial cells to release prostaglandins (Churchill et al.,
1989) so this could be an additional reason for the differences
seen between HTBE cells and A549 cells. However, our
studies clearly demonstrate that human airway epithelium
expresses COX-2 in response to pro-inflammatory cytokines.
Others have demonstrated that extracts of human lung con-

tain messenger RNA for COX-2, although the cellular origin
was not identified (Neil & Ford-Hutchinson, 1993).
Human pulmonary epithelial cells released predominantly

PGE2 when induced to express COX-2. This finding is in
agreement with previous studies, showing that PGE2 is a

major metabolite released from human epithelial cells stimu-
lated with bradykinin or calcium ionophore (Churchill et al.,
1989). The induction of COX-2 in other cell types, such as

endothelial cells, macrophages (Mitchell et al., 1993a,b;
Akarasereenont et al., 1994) and fibroblasts (Kujubu et al.,
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Figure 4 Release of different COX metabolites by HTBE (open
columns) or A459 cells (solid columns) after treatment with a mix-
ture of cytokines (IL-lp, TNFa, IFNy all at lOngml-' for 24h).
Untreated cells released undetectable amounts of COX metabolites.
The data represent the mean s.e.mean for 3-9 determinations. For
abbreviations, see text.
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Figure 5 Time-dependent release of PGE2 from A549 cells after the
addition of a mixture of cytokines (IL-1p, TNFa, IFNy all at
lOng ml ). Culture medium was removed at 1, 3, 6 and 24 h after
the addition of cytokines (U). No PGE2 was detected in culture
medium removed from cells 24 h after the addition of vehicle. The
data represent the mean ± s.e.mean for 3-9 determinations. A
significant increase (***P<0.001) in the amount of PGE2 released
by cells treated with cytokines compared to cells treated with vehicle
(for 24 h) was calculated by one way analysis of variance. For
abbreviations, see text.

1991) by pro-inflammatory cytokines in vitro and in inflamed
sites in vivo (Vane et al., 1994) supports the hypothesis (Vane,
1994) that it is this isoform of COX which is responsible for
the production of prostaglandins under inflammatory condi-
tions. The potential therapeutic benefits of inhibiting COX
activity in the airways is complicated by the possibility that
there is a resultant shunt of arachidonic acid to the lipoxy-
genase pathway (Israel et al., 1993), which may be exag-
gerated in inflammatory conditions where phospholipase A2
is induced (Glaser et al., 1993).
There may be both deleterious and/or beneficial conse-

quences of COX-2 induction in pulmonary epithelial cells.
For instance PGE2 increases capsaicin-induced cough in
human subjects (Choudry et al., 1989). However, PGE2
dilates airway smooth muscle, inhibits the release of acetyl-
choline from canine bronchi (Deckers et al., 1989) and
inhibits mucus secretion (Marom et al., 1981). PGE2 also
inhibits the release of pro-inflammatory cytokines, such as
IL-1p (Monick et al., 1987) and inhibits collagen synthesis by
fibroblasts (Rennard et al., 1986). It is, therefore, tempting to

Figure 6 The figure shows the release of PGE2 by A549 cells treated
with either vehicle (Control), IL-lp, TNFa, IFNy or a mixture of
cytokines (Cytmix, IL-1p, TNFa, IFNy all at lOngml-') for 24h
(open columns). The solid columns shows the release of PGE2 by
A549 cells treated with dexamethasone (1I M) 30min prior to the
addition of cytokines. The data represent the mean ± s.e.mean for
3-9 determinations. Significant differences in the release of PGE2 by
cells treated with dexamethasone or vehicle were calculated by an
unpaired two-tailed t test (***P<0.001). For abbreviations, see text.
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Figure 7 Induction of COX activity (measured in the presence of
exogenous arachidonic acid; 30 jM) in A549 cells by different
cytokines. Cells were treated with either vehicle (Control) IFNT,
IL-1p, TNFax or a mixture of IFNy, IL-IP and TNFx (Cytmix,
1Ong ml-I for all) for 12 h. The culture medium was then replaced
with fresh medium containing arachidonic acid (301iM) and incu-
bated for 15 min. The formation of PGE2 by the cells was then
measured as an index of COX-2 activity. The data represent the
mean ± s.e.mean for 3 determinations. Significant differences in the
release of PGE2 by cells treated with cytokines or vehicle were
calculated by an unpaired two-tailed t test (***P<0.001). For ab-
breviations, see text.

speculate that the expression of COX-2 and the subsequent
release of PGE2 may represent a natural defence mechanism
of the airways to inflammation and the consequential
hyperreactivity which occurs. In addition, the lipoxygenase
pathway does not appear to be induced by pro-inflammatory
cytokines (Masferrer et al., 1990). Thus the induction of
COX-2 in airway epithelial cells may result in a shunt of
arachidonic acid away from the potent constrictor leuko-
trienes towards the production of dilator prostaglandins.
However, the pro-inflammatory effects of prostaglandins
released due to the induction of COX-2 in other airway cells
may ultimately outweigh any beneficial effects in epithelial
cells.

Both IL-lP and TNFa induced COX-2 activity, measured
in the presence of excess exogenous arachidonic acid but
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IFN-y alone had no effect. Interestingly, in the absence of
exogenous arachidonic acid, IL-1p, but not TNFa, caused the
release of COX-2 metabolites. This finding suggests that the
induction of COX-2 without a concomitant induction of
phospholipase A2, results in a depletion of endogenous
arachidonic acid. An interpretation of our results is that
IL-lp induces both COX-2 and phospholipase A2 whereas
TNFa causes the induction of COX-2 alone. In HTBE cells,
LPS plus INFy caused a similar induction of COX-2 protein
as did the cytokine mix, although detectable metabolites were
released only with the latter treatment. Similarly this suggests
that LPS plus INFy induces COX-2 without sufficient induc-
tion of phospholipase A2 whereas the cytokine mix causes the
induction of both enzymes. Whether such cytokines cause the
induction of COX-2 directly or via the release of other
cytokines remains the subject of investigation. Interestingly
cytokines such as IL-lp and TNFa are released from
activated airway macrophages and may act upon the
epithelium to cause the induction of COX-2 (see Barnes,
1994). Alternatively epithelial cells may generate such cyto-
kines which then act in an autocrine manner, resulting in the
induction of COX-2 (Devalia & Davies, 1993).
The therapeutic benefits of steroids in inflammatory airway

disease such as asthma are well described (Barnes &
Pedersen, 1993). We found that both the induction of COX-2
protein and activity were greatly reduced by dexamethasone.
In addition to the dramatic suppressive effects of dexame-
thasone on COX-2 induction reported here, dexamethasone
also limits the induction of other enyzmes which produce
inflammatory mediators. Dexamethasone inhibits the induc-

tion of nitric oxide synthase in endothelial cells (Radomski et
al., 1990), macrophages and vascular smooth muscle (Rees et
al., 1990; Mitchell et al., 1992). In addition dexamethasone
inhibits the induction of nitric oxide synthase in human
airway epithelial cells (Robbins et al., 1994). Dexamethasone
also inhibits the cytokine regulated induction of phos-
pholipase A2 (Lin et al., 1992). Thus, the therapeutic benefits
of dexamethasone resulting from prostaglandin suppression
may be partly explained by its ability to inhibit the induction
of COX-2 (this paper) and the coupled induction of phos-
pholipase A2 (Lin et al., 1992).

Interestingly, P2-adrenoceptor agonists, another important
therapy in pulmonary inflammatory diseases, suppress the
release of pro-inflammatory cytokines induced by LPS from
human peripheral blood monocytes (Seldon et al., 1994).
Thus, glucocorticoids or P2-agonists may inhibit the induc-
tion of enzymes such as COX-2 by modulating the release of
pro-inflammatory cytokines. The continued study of the
mechanisms regulating the induction of COX-2 in airway
cells may provide insight into the mode of action of pro-
inflammatory cytokines in diseases such as asthma and cystic
fibrosis. Nonsteroid anti-inflammatory drugs such as aspirin
or indomethacin are potent inhibitors of COX-1, but have
less inhibitory effect on COX-2 (Mitchell et al., 1993a; Meade
et al., 1993). These drugs have no beneficial effect in asthma
suggesting that COX-l is not important for the pathology of
this disease. However, the development of selective inhibitors
of COX-2 may have therapeutic potential in inflammatory
pulmonary disease.
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